Abstract-The most common damped filters (DFs) are the second-order, third-order, C-type, and double-tuned filters. Other DFs such as the first-order and band-pass filters exist, but their high operating losses considerably diminish their usage. In this paper, firstly, for the third-order damped filter with equal and unequal capacitors, the relations among their circuit parameters are derived.
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Nomenclature

AP
Awareness probability DPF Displacement power factor E Sn The harmonic system background voltage at harmonic order n FC Total cost of the filter fl Flight length F PL Power losses associated with the filter FS Impedance-frequency response index F V Filter utilization percentage h Tuning order of the filter HDI n Individual harmonic distortion of the line current at harmonic order n in percent HDI std The IEEE standard 519's limit of the nth HDI n in percent HDV Individual harmonic distortion of the load voltage in percent HDV std The IEEE standard 519's limit of the HDV in percent (ω) Harmonic nonlinear load current at the angular frequency (ω) I rated Rated current of the main capacitor (C 1 ) of the filters I Sn The nth harmonic line current k Lifetime of filter in years OC Operating cost of the filters n Harmonic number PF Power factor in percent P V Present value Q C1 , Q C2 Volt-ampere rating of the main capacitor (C 1 ) and auxiliary capacitor (C 2 ) of the filters Q rated Rated reactive power of the main capacitor (C 1 ) of the filter Q x Volt-ampere rating of the inductor (L) of the filters R F (ω) The filter equivalent resistance at the angular frequency (ω) R Fn The nth harmonic resistance of the nth harmonic filter impedance Z Fn 
R Sn
The nth harmonic resistance of the nth harmonic Thevenin equivalent impedance Z Sn t Iteration number t max Maximum number of iterations THDI Total harmonic distortion of the line current in percent THDV Total harmonic distortion of the load voltage in percent TP L Transmission power loss U C , U X Unit costs of the capacitors and inductors of the filters, respectively U V Consumption charge rate V Nominal voltage of the system V C Rms voltage of the main capacitor (C 1 ) of the filters V Ln The nth harmonic load voltage
V peak
Peak voltage of the main capacitor (C 1 ) of the filters V rated Rated voltage of the main capacitor (C 1 ) of the filters X F (ω)
The filter equivalent reactance at the angular frequency (ω) X Fn The nth harmonic reactance of the nth harmonic filter impedance Z Fn X Sn The nth harmonic reactance of the nth harmonic Thevenin equivalent impedance Z Sn Z F (ω) The filter equivalent impedance at the angular frequency (ω) Z L (ω) The linear load impedance at the angular frequency (ω) Z FL (ω) The parallel equivalent impedance of Z F (ω) and Z L (ω) at the angular frequency (ω) Z n
The nth harmonic equivalent impedance seen from the harmonic current source side Z S (ω) The system Thevenin equivalent impedance at the angular frequency (ω) α, β, γ
Collective variables used for expressing R F (ω) and X F (ω) η T Transmission efficiency in percent φ n The harmonic phase difference between the nth harmonic line current and load voltage ω h Angular frequency at the tuning harmonic order (h) of the filter
Introduction
Harmonic distortion is one of the main power quality problems for power systems, particularly with the advance of power electronic equipment and nonlinear loads that worsen the quality of power.
Recently, other developments in power systems have led to new challenges in the quality of the power domain, such as integration of large-scale renewable energy based generation technologies, and the expansion of interconnected power grids [1] [2] [3] [4] [5] [6] .
Among the numerous solutions and power conditioning devices that improve the quality of power and mitigate harmonics; passive filtering is still widely used for voltage support, reactive power compensation, and harmonic mitigation in transmission and distribution systems due to simplicity, low cost, easy surveillance and maintenance, and high reliability [7] . On the other hand, tuned passive filters suffer from various drawbacks such as parameter variations that may occur due to frequency deviation, manufacture tolerance, and temperature change. Besides, the filtering performance is affected by the source resistance which may vary and hence leads to resonance occurrence between the filter and system [3, [8] [9] [10] .
Passive filters were firstly installed in the 1940s [9] . In its broadest scene, they are classified based on the method of connection into the series and shunt filters. Series filters present a highimpedance series path to block harmonics at the tuning frequency, while shunt filters present a lowimpedance shunt path to divert harmonics at the tuning frequency. Shunt filters are still more employed for harmonics mitigation than the series filters because of the significant fundamental power loss and voltage drop of series filters, as well as their high fundamental voltage-ampere (VA) rating. Moreover, shunt filters are capable of supporting voltage and compensating reactive power at the fundamental frequency [3, 11, 12] .
According to the nonlinear loads being considered, series filters are more suitable for voltagesource nonlinear loads or AC drives [13] , while shunt filters are more suitable for current-source nonlinear loads or DC drives [14] .
Further, shunt filters are classified based on their function, into tuned and damped filters. Tuned filters are filters that are adjusted to mitigate harmonics by providing a low impedance path at one, two, or even three tuning harmonic frequencies, known as single-tuned, double-tuned, and triple-tuned (less common) filters, respectively. Single-tuned filters are common in distribution systems and industrial applications, while the double-tuned and the triple-tuned filters are common in high-voltage applications and high-voltage direct current (HVDC) transmission systems [3, 11] . On the other hand, damped filters such as the first-order, second-order, third-order, C-type, damped double-tuned, and bandpass filters, are high-pass filters (HPFs) that provide a low impedance path to a broad range of harmonics [3, 15] . They are widely used in transmission systems, HVDC links, and recently in -6 -distribution and industrial systems [16, 17] . Compared to the tuned filters, they are less sensitive to variations that may occur due to frequency deviation, manufacture tolerance, and temperature change.
Also, they can dampen the harmonic amplification which may occur by the resonance between the filter and the system. On the other hand, assuming the same fundamental VA rating, damped filters provide worse harmonic filtering compared to the tuned filters as the minimum impedance provided by a damped filter cannot achieve a value comparable to that of the tuned filter at the tuned frequency [11] .
Although the third-order filter passive filter has been in operation for years, its design algorithm still poses a difficulty. In the literature, two design concepts of the third-order DFs exist. Ref. [18] used equal capacitance condition to size the filter' capacitors, while [19] gave preponderance for the unequal capacitors, but without presenting a convenient algorithm to find the different capacitor values.
Ref. [20] presented possible relations between the two capacitors and indicated that careful selection of the ratio between them should be investigated while taking into account the filter power loss, and the resonance conditions. Despite the recommendation of using different capacitors in that study, the ratio between them is assumed a case dependent, and no decision has been reached.
Recently, [21] presented a mathematical design for the filter based on minimization of the filter power loss at the fundamental frequency, and then it was used in [16] to size the filters as resonancefree filters based on the presented mathematical expressions. Still, the mathematical formulations do not differentiate between the two designs of the third-order filters and do not guarantee that the voltage and current harmonic distortion levels will comply with their standard limits stated in IEEE 519.
Consequently, the features, merits, and demerits of each filter design should be investigated under different design goals and conditions. This paper presents a detailed mathematical approach of resonance-free third-order HPF design, and hence presents its optimal design, while taking into account various design scenarios. The objective function is the total filter cost. The investment cost takes into account the filter size, while the operating cost takes into account the energy loss cost. Economic indices represented by investment and operating costs, and technical power quality indices such as voltage total and individual harmonic distortions, current total and individual harmonic distortions, transmission loss and efficiency, power factor, loading limits of the capacitors, and harmonic mitigation and resonance damping capabilities, are taken into consideration. Furthermore, comparative analysis of the two design scenarios of the third-order HPF and the third-order C-type filters are presented in details to evaluate the performance of third-order damped filters. Besides, as not all harmonic mitigation approaches are designed to operate well with background voltage distortion; background voltage distortion is considered to show the worst-case scenario of voltage source nonlinearity and its impact on the performance of the filters.
Crow Search Algorithm (CSA) is used for the optimal filter design to minimize the total filter cost that includes both the investment and operating expenses. CSA is a nature-inspired and population-
based metaheuristic algorithm that has recently been developed to solve single unconstrained and constrained optimization problems [22] . It is based on the intelligent behavior of crows in storing their extra food (surplus), preventing the food place from being seen or discovered by others, and bringing their food back when they need. It has fewer parameters, which should be set, faster convergence capability and higher sensitivity when compared to the widely known metaheuristic optimization algorithms. Due to these advantages, it has been recently employed to solve many engineering problems in the literature [22] [23] [24] [25] [26] . Accordingly, in this paper, CSA is suggested for the solution of the optimal passive harmonic filter design problem.
The results show that the proposed filter designs guarantee no resonance at characteristic or noncharacteristic harmonics of the DC drive loads, while maintaining the allowable limits for the considered performance indices of the system, loads, and filters.
Besides, the CSA is compared to the genetic algorithm (GA), and particle swarm optimization (PSO) techniques and the simulation results show the fast convergence capability and effectiveness of the proposed algorithm in solving the problem of optimal design of third-order resonance-free passive filters in distribution networks.
 Contributions to knowledge
The contribution of this work is threefold; the first is a comparative evaluation of the different designs of the resonance-free third-order HPF filters to show the advantages and disadvantages of each scheme under different design conditions. The comparative evaluation is detailed by regarding economic indices such as investment and operating costs, and industrial power quality indices as total and individual harmonic distortions of voltage and current, harmonic mitigation and resonance damping capabilities, transmission loss, power factor and loading limits of the capacitors. The second contribution of the paper is that an optimal design algorithm is firstly developed to design resonancefree third-order high-pass filters. The third contribution of the paper is that it presents a successful implementation of a recent metaheuristic optimization algorithm, CSA, for the design of passive harmonic filters. It is seen from the analysis that CSA provides much more sensitive results when compared to two widely implemented optimal passive filter design method as PSO and GA.
2.
Third-order high-pass damped filters Fig. 1 shows the four common types of the damped filters [11] . The 1 st order HPF shown in Fig.   1 (a) is the simplest one as it consists of a capacitor C 1 that provides capacitive reactance for displacement power factor (DPF) correction and is connected in series with a resistor R that provides the damping characteristic. filter provides better harmonic filtering performance and exhibits lower fundamental power loss than the 1 st order HPF, its power loss is high. Practically, this filter is employed in transmission systems in a composite filtering scheme [3] . Further, to achieve better harmonic filtering performance in a similar manner to the tuned filters with further reduction of the fundamental power losses; the configuration of the 2 nd order HPF is enhanced by adding an auxiliary capacitor C 2 . As a result, two different third-order configurations are formed. This arrangement will make the filter operate as a single-tuned filter at low frequencies below the tuning one; hence reduce the fundamental loss. At high frequencies, above the tuning frequency, the impedance of the (RC 2 ) branch becomes considerably lower than that provided by L; therefore, the filter will operate in a similar manner to the 1 st order HPFs [16] . 
In this configuration, L and C 2 will resonate at the fundamental frequency. Hence, R will be bypassed, and only C 1 will exist. This will lead to a little (practically) to no (theoretically) fundamental loss. Below the tuning frequency, the C-filter possesses a similar characteristic to the 2 nd order filters because of the small C 2 and large L [27, 28] . At high frequencies, above the tuning frequency, the impedance provided by the (LC 2 ) branch becomes considerably greater than R; hence, the filter will operate in a similar manner to the 1 st order HPFs [16, 17] .
The harmonic equivalent impedance Z F (ω) of the 3 rd order HPF shown in Fig. 1 (c) is given in Eq.
(1) as a function of the harmonic angular frequency ω, where R F (ω) is the filter equivalent harmonic resistance and X F (ω) is the filter equivalent harmonic reactance.
( )
where,
where N X (ω) and D X (ω) are the numerator and denominator of X F (ω), respectively. So that: 
The third equation is to determine the value of C 2 and to define its acceptable range. In view of that, one can consider that X F (ω) greater than or equals zero at ω greater than or equals ω h . This means the filter reactance should be non-capacitive at the tuning frequency and above. Furthermore, this implies that the filter cannot resonate with the system impedance above its tuning frequency.
Recalling Eq. (3), one can see that D X (ω) is always positive. Hence, the condition can be simplified to the N X (ω) expression only, thus:
Substituting Eqs. (4) and (6) into Eq. (7); the following design constraint that presents the relationship between C 1 and C 2 is derived. In brief, Eq. (7) will be greater than or equal zero under the below conditions. (11) figures two conditions; the first one is the lowest boundary of C 2 , and the second one is the range of the damping resistance R, its minimum value given as (2L/C 1 ) 0.5 , and the inverse relationship between R and C 2 as the minimum value of R occurs at the maximum value of C 2 , at C 2 =C 1 . Hence, one can define the search region of C 2 , as follows:
The impedance of the (RC 2 ) branch should be higher at the fundamental frequency compared to L in order to reduce the current that will flow in it; hence reducing the associated fundamental power loss; this implies the use of the minimum possible value of C 2 to minimize the damping loss [29] . Due to this, [21] proposed the use of the expression of the minimum possible value of C 2 to maintain the lowest power loss at the fundamental frequency. On the other side, Eq. (8) shows that better harmonic filtering at the tuning frequency will be more likely to occur when C 1 equals C 2 , as X F (ω) equals zero.
Due to this, some studies used the equal capacitance condition in the design of the 3 rd order filters [18] .
The fourth design equation is to determine the value of the damping resistance R. It depends on finding the proper value of R that provides the required damping characteristic or any other design objective, while maintaining the condition that R should be equal or greater than (2L/C 1 ) 0.5 .
Finally, one should determine the required reactive power and tuning frequency based on the application case, and then calculates C 1 from Eq. (5), and L from Eq. (6) to find initiative parameters of a third-order HPF. The minimum value of R given in Eq. (11) that corresponds to the case of equal capacitors can be used a start. Consequently, if the initial design does not meet the design objective, the value of R has to be increased while calculating the value of C 2 from Eq. (10) until the design objective -11 -is satisfied.
Performance indices
In this section, the system under study and the different power quality indices that will be used in assessing performance of the various designed filters, are presented.
3.1. The system under study Fig. 2 shows the Thevenin equivalent circuit of a typical power system at the location of the nonlinear loads (variable frequency drives) and the 3 rd order HPF to be installed at the Point of Common Coupling (PCC), where E S (ω) is the system background voltage, Z S (ω) is the system equivalent Thevenin impedance which is calculated from the short-circuit level data, Z L (ω) is the linear load impedance, and the harmonic current source I NL (ω) represents the nonlinear load at the angular frequency ω. 
Assessment indices of the system/load
Various indices are used to assess the system/load performance with the installed filter such as the power factor (PF), transmission power loss (TP L ) and transmission efficiency (η T ), current total harmonic distortion (THDI) and voltage total harmonic distortion (THDV). They are given in Eqs.
(15)- (18), respectively. The total filter cost (FC) that includes both the investment (IC), and operating expenses (OC) will be used to assess the economic merits of the proposed filters. FC is expressed as follows:
where Q C1 , Q C2 , and Q X are the volt-ampere ratings of the main and auxiliary capacitors, and the inductor, respectively. Also, U C and U X are the unit costs of the capacitor and inductor, respectively, so that U C =60 L.E./kvar, and U X = 75 L.E./kvar.
Also, OC represents the operating cost (cost of energy loss) which can be expressed as follows:
where, F V is the filter utilization percentage which is assumed 100%, U V is the consumption charge rate that is equal to 0.435 L.E. per kilowatt hour, and F PL is the filter-associated power loss. P V is the present value factor which is calculated based on the interest rate (i), which is assumed 5%, and the filter lifetime (k) which is considered 10 years based on a loading level of 1750 hours of work per year [31, 32] .
The nth harmonic equivalent impedance (Z n ) seen from the harmonic current source is expressed as given below: As parallel resonance occurs, |Z n | will be amplified. The common solution is to derive the frequency at which maximum Z n occurs and shifting it below the lowest order harmonic frequency to avoid resonance. On the other hand, damping of parallel resonance means that |Z n | will get lower; therefore, the parallel resonance damping capability of the filter can be expressed using the impedancefrequency response index (FS) which is formulated by summing and grouping values of the nth harmonic equivalent impedance seen from the nonlinear load side, as follows [33, 34] :
As resonance occurs, the ratio between the PCC voltages after and before installing a filter will be amplified. This ratio can be defined as a harmonic voltage amplification ratio (HVAR) and is given as follows [16] :
where V Li (ω) represents the PCC voltage before connecting the filter to the PCC. Recalling [16] , the worst harmonic voltage amplification ratio (HVAR worst ) occurs when the system impedance is purely reactive, i.e., R S (ω)=0, and the system reactance is equal to the negative equivalent filter reactance, i.e.,
(X S (ω) +X F (ω)=0). Hence, HVAR worst (ω) is a function of the filter parameters only as given in Eq. (31).
This leads [16] to suggest that HVAR worst (ω) should be less than or equal to a reference (limit) value to act as a resonance-free filter.
The limit (HVAR ref ) has no standard value yet. Arbitrarily, it may be set to 1.1 or 1.2; however, low ranges are preferable to guarantee the desired damping capability. The HVAR worst of a value close to one means that the PCC voltage after connecting the filter has almost the same value before connecting the filter, and this is considered the best scenario for a resonance-free DF. 
4.
Crow Search Algorithm (CSA)
CSA was developed by 'Alireza Askarzadeh' in 2016 based on the intelligent behavior of crows [22] . Crows can recognize and memorize faces, use tools effectively, solve puzzles, communicate in sophisticated styles, and hide and retrieve their food. In a flock of crows, each one hides its excess food in a particular place and can find the location of the stored food after a long time. In the CSA, the flock, crows, and places are identified as population, searches, and position, respectively. Each position can be a feasible solution in the search space. The quality of the food is the objective (fitness) function, and the place of the best quality food is the global solution to the problem.
Crows are greedy creatures, and each crow wants to steal the food stored by other crows. This means that each member of the flock follows others for detecting their food positions and hiding its food well. CSA attempts to model this smart behavior of the crows to solve the engineering optimization problems as presented below.
For a folk with N crows, the position of crow i at iteration t is specified as a vector, as shown in the same figure. State 2: if crow j knows that crow i is following it; thus, crow j will deceive crow i and will not go to the hiding place, i.e. will go to any random position.
Both states can be expressed using crow j's awareness probability (AP) chased at iteration t. The parameter AP facilitates a balance between diversification and intensification. Small values of AP correspond to local search conduction, while large values of AP correspond to global but random search conduction [22] [23] [24] [25] [26] .
Thus the updated position and memory of crow i are given as follows: and AP values. Then, the positions of the crows will be updated using Eq. (33), while checking the feasibility of the positions and evaluating the objective function in order to update memory of the crows using Eq. (34) . Further, the steps will be repeated until t max is achieved. Hence, the best solution of the memories will be determined as the optimal solution with the algorithm. Fig. 4 shows the flowchart of the CSA.
Based on the procedure mentioned above, the CSA is implemented by adjusting two parameters (fl and AP). However, the PSO algorithm requires adjusting of four parameters as the maximum value of the velocity, inertia weight, individual and social learning factors, and the GA has six adjustable parameters as the selection method, crossover method, crossover probability, mutation method, mutation probability and replacement method [22] . Besides, it is well known that the success of these metaheuristic techniques depends on the proper adjusting of these parameters. Thus, one can see that the CSA is a much practical method when compared to these techniques.
-17 - Fig. 4 . Flowchart of the CSA
Formulation of the optimization problem
In this work, the CSA has been implemented to find the optimal design of resonance-free thirdorder shunt passive filters based on minimization of the total filtering costs, while maintaining the desired performance levels.
The case under study, objective function, search space, design scenarios, and constraints are given below.
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Case study
For the system shown in Fig. 2 , the numerical data of the equivalent impedance of the system and loads are taken from an example in IEEE Std. 519 [35] . The utility is represented by 80 MVA shortcircuit power, and 4.16 kV line voltage, with X S1 /R S1 =10 at the fundamental frequency (60 Hz). The linear load impedance is given as Z L1 =1.7421+ j1.696 at the fundamental frequency. The nonlinear (multiple-pulse DC drives) loads are represented by their equivalent harmonic current source model [36] . Table 1 presents the harmonic spectra of the background voltage and the nonlinear currents as percentages of their fundamental values. 
CC FC f X h R X 
Recalling Eqs. (23), (24) , one can express the OF as the minimization of two sub-objectives; the first is the investment cost (IC) which reflects the filter size, and the second is the operating cost (OC) which reflects the damping loss. This is because both size and damping loss are the primary interests in the design of the damped filters.
Search space
The search space is expressed by the lower and upper boundaries of each variable. Regarding X C1 , its lower and upper limits are calculated based on the values of reactive power needed to improve the PF within an acceptable range, i.e., (PF> 0.92 lagging). Regarding h, its range depends on the pulse number of the drives used; however, because of the background voltage distortion which may amplify the non-filtered non-characteristic harmonic components; the bounds of h is selected as 2 and 11. R should be maintained above its minimum value given in Eq. (11); hence, recalling Eq. (12), the range of X C2 is calculated with respect to the ranges of the other parameters.
Design scenarios
The two possible design scenarios of the 3 rd order damped filter are considered. In the first scenario (S 1 ), all the design variables vary within their defined search space. In the second scenario (S 2 ), an equality constraint of equal capacitors condition is added, i.e. C 2 =C 1 . Also, the minimum fundamental loss condition is used, this means R is calculated from its minimum value expression given -19 - in Eq. (11) that corresponds to the case of equal capacitors.
Constraints
The objective function is subjected to the following constraints: where HDV n and HDI n are the individual nth harmonic distortion for voltage and current, respectively.
HDI std is the standard HDI n limit reported in IEEE 519-2014 which depends on both the short-circuit level and harmonic order. Also, HDV std is the standard HDV n limit reported in IEEE 519-2014 which depends on the voltage level.
In addition, IEEE Standard 18-2012 limits expressed in Eqs. (19)- (22), are taken into account as nonlinear constraints. Moreover, under the worst case of parameter variations due to temperature rise or manufacturing tolerances, HVAR worst increases by 10% [16] ; consequently, HVAR ref was set to 1.1 in the base designs to allow a safe margin of parameter variations. Fig. 1(d) shows the other scheme of the 3 rd order HPFs, which is known as the C-type filter. It will be compared with the two design scenarios of the first configuration of the 3 rd order HPFs to supplement the comparison.
C-type filters
In addition to the design equation of C 1 given in Eq. (5); the other design equations of L, C 2 and R can be summarized as given below [16] .
    
In brief, Eqs. (36)- (38) are derived based on the following three conditions.
 L and C 2 resonate at the fundamental frequency to minimize the fundamental loss.
 At the tuning frequency (h), the filter reactance equals zero.
 Above the tuning frequency, the filter reactance is inductive.
Hence, the OF given in Eq. (35) can be reformulated for the C-type filter.
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6.
Results and discussion Table 2 shows the optimal circuit parameters and the fitness values of the unequal capacitors, equal capacitors, and C-type 3 rd order DFs, respectively, obtained using the proposed CSA. The parameter specifications used for controlling the CSA as t max , flock size, fl, and AP have been set to 500, 20, 2, and 0.1, respectively. Furthermore, to investigate the validity and performance of the CSA for the studied optimization problem; the obtained filter parameters, achieved fitness values, and average solution time of the CSA and two widely used optimization techniques as genetic algorithm (GA) and particle swarm optimization method (PSO), are presented in the same table. In GA, tournament selection, uniform mutation and convex crossover (with the coefficients of 0.25 and 0.75), are used. Crossover and mutation probabilities are set to 0.9 and 0.005, respectively. In PSO, the learning factors (individual and social) are set to 2. In addition, the velocity is controlled, and the inertia weight decreases linearly from 0.9 to 0.4 during iterations. The population size is set to 20 and the maximum number of iterations is set to 500 in the three algorithms. Besides, 10 independent runs have been executed. It can be pointed out from the comprehensive evaluation of the CSA, GA and PSO that CSA and PSO give very close results to each other and they have better sensitivity than GA. It should also be mentioned that CSA consumes less computational time than the other two algorithms over the same number of fitness evaluations. Table 2 Optimal circuit parameters of the proposed filters using the CSA, GA, and PSO in terms of sizes of filters, fitness values, and the average running time over 10 independent runs Table 3 shows the impact of the designed filters using the CSA on the system performance.
-21 -Besides, the uncompensated system results are included for comparison purpose. By using the S Since it is important to show how the flight length and awareness probability affect the optimal solution obtained using the CSA, different cases are studied and presented in Table 5 for the three considered filters ensure that the base cases, given in bold type, achieve better optimal solutions. Table 5 Effects of changing the flight length and awareness probability on the optimal solutions 3 rd order damped filter scenarios Fig . 6 shows the impedance-frequency response (R F , X F , |Z F |) of the three filters, respectively. As obvious, S 1 and S 2 have very close impedance-frequency characteristics. In addition, it is evident that the C-type filter has better damping characteristics as reflected by its large equivalent resistance that can damp the amplification of harmonic voltages, followed by the equal capacitors 3 rd order filter design (S 2 ), followed by the unequal capacitors 3 rd order filter design (S 1 ). Fig. 7 shows the harmonic spectra of the voltage and current, calculated at the PCC, respectively.
All the individual harmonic components are well below the standard limits.
Although the performance of the designed filters is comparable, S 1 presents a better mitigation for the low order harmonic voltage components such as the 5 th and the 7 th harmonic orders, while the Ctype presents a better mitigation for the higher order harmonic voltage components. Regarding the mitigated individual harmonic current components, performance of the three designed filters is almost the same.
-24 - Regarding the parallel resonance damping capabilities of the filters, Fig. 9 shows the frequency response of the equivalent impedance seen from the load side (|Z n |) and the corresponding FS values.
Obviously, C-type filters guarantee better damping for all the considered frequency range, while the other two scenarios are comparable. On the other hand, for the resonance damping capabilities of the filters under the worst case condition, Fig. 10 Finally, responses of the total cost characteristics of the three considered filter designs among the allowable ranges of the design variables are examined in order to validate the performance of the proposed filter designs. The results shown in Fig. 11 for the three filter designs validate the effectiveness of the proposed solutions. As obvious, the total costs of all three filter designs are mainly 
Conclusions
Harmonic resonance is a significant matter of interest in the application of passive filters. In this regard, practicing resonance-free shunt capacitors that do not depend on the system conditions has become more attractive, particularly for HVDC and transmission systems. In distribution systems, this kind of filters is also of interest because it can be used for randomly varying loads [27] . Generally speaking, the main problem of damped filters is the increased power loss in their damping circuits [37] .
Also, their size may relatively increase than conventionally designed filters which have more design freedom [29] .
In this paper, for the third-order damped filter with equal and unequal capacitors, the relations among their circuit parameters are expressed by considering their tuning harmonic order, fundamental harmonic loss and required fundamental harmonic reactive power compensation. The features of each scheme have been presented. Besides, the third-order C-type filter is considered under the same design scenarios to supplement the comparisons and generalize the findings for all the third-order resonancefree filter schemes.
Crow Search Algorithm (CSA) is used for the optimal filter design to minimize the total filter cost that includes both the investment and operating expenses. CSA is a recent metaheuristic optimization technique which is based on the intelligent behavior of crows. Besides, the CSA is compared to the genetic algorithm (GA), and particle swarm optimization (PSO) techniques and the 
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-30 -results show the fast convergence capability and the effectiveness of the proposed algorithm in solving the problem of optimal design of third-order resonance-free passive filters in distribution networks.
The results reveal that all the proposed filters guarantee no electrical resonance hazards while maintaining the allowable limits for the various performance indices of the system, load, and filter.
Besides, the comparative analysis validates that the C-type filter provides higher power factor, system efficiency and transmission loss improvement than the other two filters, and that the proposed filters achieve almost the same voltage and current harmonic mitigation levels. The solution of the cost minimization problem reveals that the C-type filter and the third-order high-pass filter with equal capacitors have the worst and best resonance damping capabilities respectively, under the worst case conditions. Additionally, the filters with the lowest and highest cost are found as the third-order filter with unequal capacitors and the C-type one, respectively.
Finally, compared to the tuned filters, performance of the damped filters is more durable to the variations that may occur due to frequency deviation, manufacture tolerance, and temperature changes.
Also, the conventional third-order filters are less sensitive to the changes compared to C-type filters [16] . However, it is possible to reduce the variations related to manufacturing tolerances with measurements during the factory tests or after the commissioning to reduce the variations of the resonances during the system operation [10] , but additional costs may be required for specifying closer tolerances on capacitors and reactors of the C-type filters [3] .
